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Introduction
The production of high-energy neutrinos has been proposed [1, 2, 3] for several kinds of astrophysical sources, such as active galactic nuclei, gamma-ray bursters, supernova remnants and microquasars, in which the acceleration of hadrons may occur. Neutrinos are neutral and stable and only interact weakly, making them unique probes to study the high-energy universe. The detection of these neutrinos would give valuable information regarding the origin of cosmic rays. The ANTARES collaboration has completed the construction of a neutrino telescope in the Mediterranean Sea with the connection of its twelfth detector line in May of 2008 [4] . The telescope is located 40 km off the southern coast of France (42
• 48'N, 6
• 10'E) at a depth of 2475 m. It comprises a three-dimensional array of photomultipliers housed in glass spheres (optical modules), distributed along twelve lines anchored at the sea bottom. These photomultipliers detect the Cherenkov light from relativistic charged particles, which are produced in interactions of neutrinos in the surroundings of the detector. The total instrumented volume is about 10 7 m 3 . After several years of research on the site [5, 6, 7] and on the detector elements [8, 9, 10, 11, 12] , the first line of the detector was installed in 2006 [13] . During the following two years, additional lines were connected to the shore station and continue taking data. In 2007, five lines (i.e. 375 photomultipliers) were operational, making the detector sufficiently large to perform a search for cosmic neutrinos.
In this paper, the results of the first search for cosmic neutrino point sources in the sky visible to the ANTARES telescope are presented. The data sample used in this analysis and its comparison to Monte Carlo simulations are described in Section 2, together with a discussion of the systematic uncertainties. The two point source search algorithms used in this analysis are explained in Section 3. The results are presented in Section 4, both for a search within a list of selected candidate sources and for an all-sky scan.
Data sample and performance of the detector
The data used in this analysis correspond to the period from February 2nd to December 8th, 2007. For part of this period, data acquisition was interrupted due to sea operations for the deployment of new lines. In addition, some filtering has been applied in order to exclude periods in which the bioluminescence-induced optical background was high. The resulting effective live-time is 140 days.
The data acquisition system of the detector is based on the "all-data-to-shore" concept, in which all the signals from the photomultipliers above a given threshold (typically 0.3 photo-electrons) are digitized and sent to shore for processing by a computer farm [14] . The position, time offset and gain of each photomultiplier are calibrated using measurements taken in situ.
The input to this analysis is the selection of upward going muons produced in neutrino charged current interactions. The reconstruction of the muon track relies on the comparison of the measured hit times and those expected from the Cherenkov photons induced by the muons. A maximum-likelihood algorithm uses this information to find the best fit, as described in [15] . Atmospheric neutrinos are the main source of background in the search for astrophysical sources of high-energy neutrinos. These neutrinos are produced from the interactions of cosmic rays in the Earth's atmosphere. An additional source of background is due to mis-reconstructed atmospheric muons. The neutrino event simulation has been performed using the GENNEU package [16, 17] , where the Bartol model [18] has been used for the atmospheric neutrino flux. The atmospheric muon background has been simulated using the MUPAGE package [19] .
In order to suppress the muon background, only tracks which both pass a reconstruction quality cut on the fit likelihood and which have an elevation between −10
• and −90
• are used in the analysis. No selection based on the energy of the events is made. This selection results in a final sample of 94 events. The same selection criteria applied to Monte Carlo simulations of background, normalized to the same live-time, yields 104 events, about 10% of which are due to mis-reconstructed (down-going) muons. In Figure 1 the distributions of declination angles of the selected events both for data and simulation are shown.
In a search for neutrino point sources, the two main parameters which describe the performance of the detector are the angular resolution and the effective area. The dependence of these parameters on the neutrino energy is shown in Figures 2 and 3 , respectively. Below 10 TeV the angular resolution is dominated by the scattering angle between the incoming neutrino and the produced muon. Above 10 TeV, the angular resolution is better than 0.5
• , limited by the uncertainty of the reconstructed muon direction (intrinsic resolution). The effective area grows with the neutrino energy due to the increase of the neutrino interaction cross section, the range of the resultant muon and the Cherenkov light yield. Above 100 TeV -1 PeV, depending on elevation, the Earth becomes opaque to neutrinos, which leads to a decrease in the effective area for up-going neutrinos. For an E −2 spectrum, the cumulative detectable signal goes from 10% to 90% in the 3 -400 TeV energy range, while the bulk of the atmospheric neutrinos is in the 100 GeV -4 TeV range.
The two main sources of systematic error on the cosmic neutrino flux limits arise from uncertainties on the effective area and angular resolution of the detector. The absolute pointing precision is estimated to be about 0.2
• , according to studies based on the measurements of line positions and orientations using GPS. A potential offset of this size would only produce a small shift in the measured track origins, with an effect on the limits lower than 5%. On the other hand, given the limited statistics, a worsening by a factor of two in the intrinsic angular resolution would not change the limits by more than 5%. The uncertainty on the effective area is estimated to be 15% in the energy range 3 -400 TeV. The major contributor to the systematic uncertainty in the effective area is the uncertainty in the efficiency of the optical modules and the absorption length of the sea water. This translates into a total uncertainty of 20% in the flux limits. None of the systematic uncertainties were included in the determination of the flux limits.
Search algorithms
Two methods have been used to search for neutrino point sources. The first method is the clustering algorithm called Expectation-Maximization [20] . This is an iterative algorithm which analytically maximizes the likelihood in problems with a mixture of signal and background. The second method, used as a cross-check, is a standard binned search for any excess inside a given cone assuming Poissonian statistics. A blinding policy was followed, in which the parameters of the analysis were chosen using real data scrambled in right ascension.
Unbinned method
In the Expectation-Maximization (EM) method, the expected density distributions of background and signal are parametrized [21] . The parametrization of the background is obtained from data. Since the background of atmospheric neutrinos is expected to be independent of right ascension (due to Earth's rotation), a scrambling of the right ascension of the observed events provides a description of the background which does not rely on simulation. For the parametrization of the signal density, each observed track is treated as pointing back to its source region using a point-spread function that is assumed to be Gaussian. The algorithm is an iterative procedure, in which each iteration consists of two steps. First, a log-likelihood statistic is computed using the observed data and a set of parameters describing the (unknown) source properties. These parameters include the source position, the standard deviations of the two-dimensional Gaussian probability density function of the signal, and the expected number of events from the source (when using a candidate source list, the position of the source is fixed). Then, a new set of parameter values that maximizes the likelihood is found. The Bayesian Information Criterion (BIC) [22] has been used to determine the probability that the data contains a signal. This variable is the maximum ratio between the likelihood of the model which is tested (signal+background) and that of the null hypothesis (only background), with a penalty that takes into account the number of degrees of freedom of the testing model. The BIC distribution for the background is obtained in the following way. The distribution of background declination angles is parametrized using the data. A total of 10 4 samples of 94 events are generated using this parameterized declination distribution and a uniform distribution in right ascension, and the corresponding BIC value is calculated for each simulated sample. The BIC distribution can thus be used in a purely frequentist manner to determine the probability that the background alone produces a BIC value greater than the BIC value of the data (BIC obs ), the so-called p-value. Any hypothetical signal that yields a BIC value higher than BIC obs in at least 90% of the cases is said to be excluded and the corresponding upper limit for that signal is then set.
Binned method
A binned method is used as a cross-check of the EM algorithm. It consists of optimizing the size of the search bin (a cone) in order to find the most restrictive upper limit for an E −2 flux. The approach followed in this analysis is the minimization of the Model Rejection Factor (MRF) [23] . The MRF is defined as the ratio between the average upper limit on the number of events, which depends on the expected background inside the search cone, and the expected fraction of signal in this cone. For every declination, the cone radius which minimizes the MRF is determined and this yields cone sizes in the range of 3 • to 4.5
• . From the simulations it is found that the sensitivity of the binned method is about 40% worse than the unbinned method, due mainly to the fact that no information about the distribution of the events inside the bin is used. Therefore, it was decided before unblinding the data that the results of this analysis would be the ones provided by the unbinned method.
Results
In this section the results of the two approaches in the search for cosmic neutrino point sources are presented. The search is performed using the 94 selected events. Figure 4 shows the corresponding locations in the sky.
Candidate source search
A search for neutrinos coming from known candidate sources has been performed. The list of sources includes both galactic and extra-galactic astrophysical objects. Among these are supernova remnants, BL Lac objects, and other sources observed by gamma-ray telescopes. The location at which IceCube reported an excess with its 22-line data [24] is also included. The source name and location in equatorial coordinates are shown together with the number of events within the optimum cone for the binned search, the p-value of the unbinned method (when different from 1) and the corresponding upper limit at 90% C.L. φ 90 is the value of the normalization constant of the differential muon-neutrino flux assuming an E −2 spectrum (i.e. E 2 dφ νµ /dE ≤ φ 90 × 10 −10 TeV cm −2 s −1 ). The integration energy range is 10 GeV -1 PeV.
for which more than one event is associated. The lowest p-value is 0.004, at the location (δ = −57.76
• , RA = 155.80 • ). This value or lower has a probability of 10% to occur when looking at 25 sources and corresponds to a 1.6σ post-trial significance. When using the binned method, the locations for which the p-value is less than 1 are the same.
The flux limits obtained with the unbinned method are shown in Figure 5 , together with those obtained by other experiments. A full year of the twelve-line configuration of ANTARES will improve the sensitivity by almost one order of magnitude. Neutrino flux upper limits at 90% C.L. obtained by this analysis (solid squares), compared with the results from other experiments (IceCube [24] , AMANDA [25] , SuperKamiokande [26] -see also [27] for preliminary new results-and MACRO [28] ). The sensitivity of ANTARES for one year with twelve lines is also shown (solid line). The source spectrum assumed in these results is E −2 , except for MACRO, for which an E −2.1 spectrum was used.
All-sky search
In an all-sky search, no assumption is made about the position of a source in the sky. In the case of the EM method used in this analysis, a pre-clustering algorithm identifies pairs of events separated by less than 5
• . Then the EM method gives the p-value of the most significant cluster. The largest excess is found at (δ = −63.7
• , RA = 243.9
• ), with a post-trial p-value of 0.3. Using the binned method, two events are found at this location.
Conclusions
The ANTARES neutrino telescope took data for most of 2007 in its five-line configuration. Two different methods have been used to search for cosmic point sources: the cluster algorithm called Expectation-Maximization and a binned algorithm used as a cross-check. A search for correlations between neutrino events in our data sample and 25 potential neutrino sources has been performed. No statistically significant excess has been found. For these sources, upper limits have been obtained in the range E 2 dφ νµ /dE ∼ 3 − 10 × 10 −10 TeV cm −2 s −1 ( Figure 5 ) and are competitive with those previously published by other experiments of multi-year exposure looking at the southern hemisphere. In an all-sky search, in which no assumption is made regarding the position of neutrino sources, no significant excess has been observed.
